The biochemical cascades associated with cell death after traumatic brain injury (TBI) involve both pro-survival and pro-apoptotic proteins. We hypothesized that elevated cerebrospinal fluid (CSF) Bcl-2 and cytochrome C (CytoC) levels over time would reflect cellular injury response and predict long-term outcomes after TBI. Cerebrospinal fluid Bcl-2 and CytoC levels were measured for 6 days after injury for adults with severe TBI (N = 76 subjects; N = 277 samples). Group-based trajectory analysis was used to generate distinct temporal biomarker profiles that were compared with Glasgow Outcome Scale (GOS) and Disability Rating Scale (DRS) scores at 6 and 12 months after TBI. Subjects with persistently elevated temporal Bcl-2 and CytoC profiles compared with healthy controls had the worst outcomes at 6 and 12 months (Pp0.027). Those with CytoC profiles near controls had better long-term outcomes, and those with declining CytoC levels over time had intermediate outcomes. Subjects with Bcl-2 profiles that remained near controls had better outcomes than those with consistently elevated Bcl-2 profiles. However, subjects with Bcl-2 values that started near controls and steadily rose over time had 100% good outcomes by 12 months after TBI. These results show the prognostic value of Bcl-2 and CytoC profiles and suggest a dynamic apoptotic and pro-survival response to TBI.
Introduction
Secondary injury has a prominent role in pathophysiology associated with traumatic brain injury (TBI). Cellular injury results from secondary injury pathways that involve inflammation, excitotoxicity, and ischemia and result in oxidative stress (Love, 1999) . These secondary injury pathways can initiate cell death pathways including apoptosis (Zou et al, 1997) . Apoptosis after TBI has been confirmed by multiple experimental studies in vivo (Clark et al, 1997b; Colicos and Dash, 1996; Rink et al, 1995) .
Within the intrinsic (mitochondrial mediated) pathway associated with caspase-dependent apoptosis, stress on cellular organelles leads to initiation of apoptosis via mitochondrial permeability transition pore formation, and subsequent release of cytochrome C (CytoC). Pro-apoptotic molecules (e.g., from some Bcl-2 family proteins) translocate to mitochondria, resulting in mitochondrial membrane permeabilization. This, in turn, provides a route for release of intermembrane space proteins like CytoC into the cytosol. Cytosolic CytoC promotes 'apoptosome' formation, a molecular platform for caspase-9 activation. In turn, active caspase-9 catalyzes the proteolytic activation of effector caspases including caspase-3 (Boehning et al, 2003) . Previous work shows CytoC is released into the extracellular medium from 'suicidal' cells and represents a specific apoptosis biomarker in humans (Renz et al, 2001) .
The Bcl-2 family proteins are important apoptosis modulators, of which Bcl-2 is the founding member. They comprise both pro-apoptotic and pro-survival proteins that regulate mitochondrial permeability through transition pore formation Liou et al, 2003; Zhang et al, 2005) . Bcl-2 is increased in injured neurons and reduces programmed cell death in rats (Clark et al, 1997a) and mice by inhibiting release of mitochondrial proteins (Zhang et al, 2005) . Bcl-2 overexpression in experimental models can be neuroprotective and reduce cortical neuron loss (Nakamura et al, 1999; Raghupathi et al, 1998) . However, tissue sparing is not necessarily associated with improved behavioral outcomes (Tehranian et al, 2006) .
Clinical studies have detected both CytoC and Bcl-2 in human TBI. A pediatric TBI study showed relatively higher cerebrospinal fluid (CSF) levels of CytoC in females and in those with inflicted injuries (Satchell et al, 2005) . Another study showed timedependent increases in CytoC and activated caspase-9 levels in nine adults with TBI. This case series showed that activated caspase-9, but not CytoC, was correlated to outcome based on the Glasgow Outcome Scale (GOS) (Darwish and Amiridze, 2010) . Some clinical studies have reported increased CSF Bcl-2 levels post-TBI (Clark et al, 1999 (Clark et al, , 2000 Uzan et al, 2006) . A study comparing CSF Bcl-2 in 14-TBI subjects showed no correlation with other markers of apoptosis (Fas and caspase-3) (Uzan et al, 2006) . In pediatric patients with TBI, higher CSF Bcl-2 was associated with increased survival (Clark et al, 2000) . Finally, genetic variation in the Bcl-2 gene has been linked to adult TBI outcomes (Hoh et al, 2010) .
Apoptosis in TBI can occur in a delayed manner. Apoptotic bodies are observed between 24 hours and 1 week after TBI in experimental models (Conti et al, 1998; Sullivan et al, 2002) , and peak levels of apoptosis occur 24 to 72 hours after injury (Zhang et al, 2005) . This time-dependent progression of apoptosis may provide a therapeutic window from which to prevent further injury (Liou et al, 2003; Robertson et al, 2006) . These studies also suggest that time-dependent profiles in apoptosis-related biomarkers may be informative about secondary injury and outcomes. Studies to date do not provide adequate insight as to whether Bcl-2 or CytoC have value as prognostic indicators of TBI outcome. Also, the capacity of temporal Bcl-2 and CytoC profiles to inform TBI pathophysiology has not been addressed. Reports from our center (Berger et al, 2010; Salonia et al, 2010; Ozawa et al, 2009) show that timedependent modeling strategies can effectively link biomarker profiles and outcome.
Therefore, the purpose of this study was to evaluate temporal profiles for CSF Bcl-2 and CytoC in a population of adults after severe TBI in relation to demographics, injury severity, and outcome. CytoC can serve as a specific apoptosis biomarker in humans that reflects cell death (Renz et al, 2001) , and CSF Bcl-2 levels may reflect the amount of ongoing cell death as well as some attempt to counter apoptosis through increased translation of this pro-survival protein. Our results show that there are patient subgroups with unique profiles for both CytoC and Bcl-2. These profiles can predict long-term outcome, and capture dynamic changes to apoptosis and pro-survival information after severe TBI.
Materials and methods

Subjects
The study was approved by the University of Pittsburgh Institutional Review Board. Patients with severe TBI (n = 76) were admitted to our level 1 trauma center. A diagnosis of severe TBI required a Glasgow Coma Scale (GCS) score p8 and a positive cranial CT (computerized tomography) scan. On admission, patients received aggressive medical treatment as outlined by The Guidelines for the Management of Severe Head Injury (Bullock et al, 1996) . In addition to severe TBI, enrollment in the study depended on the following inclusion criteria: (1) patient age between 16 and 65 years, (2) placement of an external ventricular drain for intracranial pressure monitoring, (3) availability of at least two CSF samples for analysis, and (4) signed consent from next-of-kin.
As a comparison group, healthy adult control subjects (n = 10) were also enrolled for biomarker analysis. Control subjects' CSF was obtained via lumbar puncture for research purposes and not as a part of another clinical work-up. Criteria for control subject enrollment included age between 18 and 70 years and no current or past history of brain injury, neurologic disease, or bleeding disorder. Patients were excluded if pregnant, taking oral contraceptives or hormone therapy, or had any history of reproductive or endocrine disorder.
Cerebrospinal Fluid Sample Collection and Measurements
Treatment for severe TBI subjects included initial placement of an external ventricular drain catheter for intracranial pressure monitoring and treatment of increased intracranial pressure by CSF drainage. The external ventricular drain catheter was inserted as part of standard of care, and CSF was drained passively. Cerebrospinal fluid was collected for up to 6 days after initial injury, and CSF was stored at 41C until processing. Cerebrospinal fluid samples were then centrifuged at 3,000 r.p.m. for 10 minutes and aliquoted. Samples were stored at À801C until batch analysis. Enzyme-linked immunosorbent assay (ELI-SA) was used to measure Bcl-2 (EMD Biosciences, Inc., Cat No. QIA23 r 2005) and CytoC levels (Assay Designs, Cat. No. 900-141 r 2004) in CSF (Clark et al, 2000; Satchell et al, 2005) . Enzyme-linked immunosorbent assays were specific for human biospecimens and performed following the manufacturer's instructions. The inter-ELISA and intra-ELISA coefficient of variation was < 10%. Cerebrospinal fluid samples were run in duplicate, with the average value for each sample used in analysis. Measurements from both healthy control and TBI CSF were within the range of detection using manufacturer standards, a linear calibration curve, and sample dilution as appropriate. Cerebrospinal fluid Bcl-2 and CytoC concentrations were measured daily for up to 6 days after injury (Bcl-2 n = 255; CytoC n = 271 measurements made from n = 277 samples).
Demographic and Clinical Injury Variables
Independent variables included injury type, sex, age, initial GCS, injury severity score, hypothermia treatment, the number of acute care complications, mechanism of injury, hospital length of stay (LOS), and discharge disposition. Information on injury type was based on clinical head CT radiology reports. The GCS was taken within 8 hours of injury to limit the influence of alcohol, sedatives, or paralytics. Age was grouped by decile for analysis. In addition to the number of complications, acute complications (e.g., sepsis) were abstracted from the medical record and grouped into 11 categories for analysis. Categories included neurologic/ endocrine, pulmonary, cardiac, nonspecific infectious disease, hematologic, musculoskeletal, renal, integument, gastrointestinal, multisystem organ failure, and other. Neurologic/endocrine complications included stroke, anoxic brain injury, seizure, infection of the central nervous system (CNS), syndrome of inappropriate antidiuretic hormone, and diabetes insipidous. A small number of subjects were enrolled in a hypothermia clinical trial (n = 7). Of these, five subjects received hypothermia and two subjects received normothermia. Subjects not in this clinical trial were treated to maintain normothermia.
Outcome Variables
The GOS score and Disability Rating Scale (DRS) were the primary outcome measures. Glasgow Outcome Scale is a frequently used measurement developed by Jennett and Bond (1975) . Glasgow Outcome Scale scores were assigned to TBI subjects' at 6 and 12 months after injury. Patients were assigned good recovery (5), moderate disability (4), severe disability (3), persistent vegetative state (2), or death (1). For the purposes of this study, GOS categories were collapsed into 1 versus 2/3 versus 4/5. Mortality during acute care hospitalization and mortality after acute care discharge was recorded after reviewing medical records and the Social Security Death Index (http://ssdi.rootsweb.ancestry.com/). The DRS score, developed by Rappaport et al (1982) , was also assigned at 6 and 12 months after injury, and patients were assigned a DRS of disability (0) to dead (30). For this scale, subjects were analyzed in three groups based on scores: (1) 0 to 3 with partial to no disability, (2) 4 to 14 with moderate or severe disability and (3) 15 to 30 with extremely severe disability, vegetative state, or dead. In all, 67 and 60 subjects had complete data for GOS at 6 and 12 months, respectively, while 66 and 56 subjects had complete data for DRS at 6 and 12 months.
Statistical Analysis
Statistical analyses were performed using SAS version 9.2 (Cary, NC, USA) and SPSS version 17.0 (Chicago, IL, USA). Summary statistics, including mean values, s.e.m., and median values were generated for continuous variables. Frequencies and percentages were determined for categorical variables. Data were checked for errors and normality assessed for all continuous variables using the Kolmogorov-Smirnov test. Bcl-2 and CytoC levels were graphed by day postinjury and trajectory group membership. Group differences in daily biomarker values, ratios, and other continuous data were compared using the Wilcoxon Rank Sum and Kruskal-Wallis tests. Trajectory group differences with regard to categorical data were assessed using w 2 analysis with Fisher's exact test when appropriate.
Group based trajectory analysis (TRAJ) was used to explore biomarker levels over time in CSF using PROC TRAJ Macro (Jones et al, 2001 ) available in SAS software (version 9.2 of the SAS system for windows. Copyright r (2002 to 2008) SAS Institute Inc.). In general, the TRAJ algorithm identifies clusters of individuals following a similar progression of some measure over time. The TRAJ procedure determines trends in longitudinally collected data by identifying trajectory groups on a likelihood basis. This method uses a probability function to discern a set of trajectories that closely resemble one another. TRAJ also assumes the existence of latent subpopulations and leverages repeated subject sampling to relate temporal patterns. We have used this approach in previous studies assessing the ability of temporal biomarker patterns to predict TBI outcome (Berger et al, 2010; Salonia et al, 2010; Ozawa et al, 2009 ). Bcl-2 TRAJ groups were formulated using a cohort of 70 patients and CytoC TRAJ used a cohort of 73 patients.
Daily biomarker levels were not normally distributed due to the high variance of the sample set, a lack of an upper bound for maximum values, and clusters of values around the detection limits. As such, multiple modes of data transformation were explored to better approximate a normal distribution. After examining multiple transformation methods, biomarker data for each postinjury day were ranked before deriving TRAJ groups for the population. The probability distribution of the data was determined using a censored normal approach, which is typically applied when there is a minimal detectable limit for the data. The number of TRAJ groups for each biomarker was determined by evaluating the BIC (Bayesian information criterion), AIC (Akaike information criterion), and by using clinical knowledge about each biomarker. Model diagnostics, like average group posterior probability, odds of correct classification, and group membership comparisons, were used to assess model accuracy. The average posterior probability in our final models for each group and for each biomarker ranged from 0.88 to 0.96, well above 0.7 usually recommended for this type of analysis (Nagin, 2005) .
TRAJ group assignments for each subject and biomarker were compared with demographic and injury variables. Bivariate analyses were performed using the MannWhitney U, Kruskal-Wallis tests, or w 2 analysis to determine TRAJ group associations with other variables like age, gender, injury type, injury severity, and outcome. TRAJ group assignments were linked with actual biomarker concentrations for each subject over time to compare the shape of the concentration data over time with the shape of the time trends formed using the TRAJ procedure. Differences in concentration for each group were assessed at each point in time, and TRAJ group average daily values were compared with values observed in healthy controls. After TRAJ model selection and bivariate analyses, Bcl-2 TRAJ group findings suggested that the two groups having consistently high Bcl-2 levels were similar. As such, these groups were combined for bivariate analysis (see Figures 2A and B ). Preliminary analyses (not shown) comparing TRAJ Group membership to weekly means for Bcl-2 and CytoC showed TRAJ groups as better outcome predictors.
Multivariate ordinal regression models were used to evaluate how biomarker TRAJ groups, and other clinical variables, affected GOS and DRS scores at 6 and 12 months. To simplify interpretation, subjects in the riser Bcl-2 TRAJ group 1 were combined with the low Bcl-2 group for multivariate analysis. Also the high CytoC TRAJ group 3 was combined with the decliner group in the multivariate regression models. Clinical and demographic variables having a P value p0.2 in bivariate analyses when compared with outcome at 6 and 12 months were first tested in multivariate ordinal regression models. Bcl-2 and CytoC were then added in the logistic regression models, and we evaluated their added outcome prediction value using the likelihood ratio test for nested models (Gouriéroux et al, 1982) . The odds of better outcome were modeled for each outcome.
Results
Description of Population
In our TBI cohort (n = 76), 20.0% of the subjects were women, the average patient age was 35 ± 1.54 years, and the median GCS score was 6. The population had a median of two complications, and 22% had at least one neurologic/endocrine complication. There was a 24% acute care mortality rate. The mean hospital LOS was 23±1.5 days. In all, 54% sustained their injuries through automobile or motorcycle collisions, and 18% sustained their TBI through jump or fall. In all, 51% of the population was discharged to an acute rehabilitation facility, and 20% discharged to a skilled nursing or long-term acute care facility. The median for 6 and 12 months GOS scores was 3. The median 6 and 12 month DRS scores were 8 and 7.5, respectively. In the control population (n = 10), 40% were women, and the average patient age was 33 ± 5 years. Figure 1A shows Bcl-2 levels were elevated in TBI patients compared with controls (control levels = 5.82±0.34 U/mL). Bcl-2 concentrations were elevated for days 1, 2, and 4 (P = 0.041 all comparisons and trended toward significance on day 3 (P = 0.051). Figure 1B shows daily CytoC concentrations also were elevated in TBI subjects compared with controls (control levels = 1,298.74 ± 152.33 pg/mL). CytoC levels were higher than controls for days 1 to 4 (Pp0.043 all comparisons) and trended toward significance on day 0 (P = 0.074). CytoC levels peaked 24 hours after injury (day 1 = 4,561.84±1,011.16 pg/ mL) and were higher than day 0 (P = 0.042) and days 3 to 5 (Pp0.019 all comparisons).
Description of Daily Cerebrospinal Fluid Bcl-2 and CytoC Biomarker Levels
Trajectory Profile Development and Characterization
Four statistically distinct temporal biomarker profiles for Bcl-2 were identified as the best model, and TRAJ group profiles generated from ranked data are described in Figure 2A . Comprising B11% of the population, group 1 (riser) subjects had rising Bcl-2 levels. Group 2 (low) subjects had persistently low levels over time. As both groups 3 and 4 had consistently high Bcl-2 levels that were elevated Figure 1 Daily biomarker levels over the first 6 days after severe traumatic brain injury (TBI) compared with healthy controls. (A) Daily mean cerebrospinal fluid (CSF) Bcl-2 levels are shown. Bcl-2 levels are significantly higher than controls on days 1, 2, and 4 (P < 0.05 all comparisons). (B) Daily mean CSF cytochrome C levels by day. Cytochrome C levels are maximal at day 1 post-TBI, and levels are significantly higher than healthy controls on days 1 to 4 (P < 0.05 all comparisons).
Figure 2 (A) Trajectory groups for profiles over time and percent membership for each trajectory group for cerebrospinal fluid (CSF) Bcl-2 using ranked data. The group based trajectory analysis (TRAJ) procedure identified four groups for Bcl-2. Groups 3 and 4 were combined for further analysis. (B) Mean daily CSF Bcl-2 concentrations over time for three Bcl-2 trajectory groups compared with healthy controls. Group 3 includes subjects from groups 3 and 4 in (A). Significant differences between Bcl-2 levels for each trajectory group on days 0 to 5 (P < 0.004 all comparisons). compared with controls, TRAJ groups 3 and 4 were combined and labeled group 3 (high) for further analysis. Actual Bcl-2 concentrations were then graphed for each of the Bcl-2 TRAJ groups and compared with healthy control levels ( Figure 2B ). The actual biomarker levels correspond well with the relative relationships of the ranked profiles for each TRAJ group presented in Figure 2A . The riser group started below control levels, and by day 4, increased to levels comparable to the high group. The low group (31% of the population) had Bcl-2 levels that remained similar to control levels across time. Bcl-2 levels for each TRAJ were different from each other for all 6 days (P < 0.004 all comparisons).
Three statistically distinct temporal biomarker profiles for CytoC were identified as the best model, and TRAJ group profiles generated from the ranked data are described in Figure 3A . Group 1 (low) had consistently low levels, group 2 (decliner) initially had high levels that decreased over time, and group 3 (high) had a consistently high level of CytoC over time. Actual CytoC concentrations were graphed for each TRAJ group and compared with concentrations observed in healthy controls ( Figure 3B ). Like Bcl-2 TRAJ groups, the actual biomarker levels corresponded well to the relative relationships of the ranked profiles for each TRAJ group presented in Figure 3A . The low CytoC group (41% of the population) had a consistently low CytoC concentration over time that was similar to controls. CytoC concentrations for the decliner group (42% of the population) initially were higher than control levels and peaked on day 1. Levels decreased thereafter, returning to control levels by the last day. In contrast, CytoC concentrations for the high group (20% of the population) remained elevated compared with controls throughout the study period. CytoC levels for each TRAJ group were different from each other on all 6 days (P < 0.047 all comparisons).
Trajectory Group and Outcome Associations with Demographic and Clinical Variables After traumatic brain injury
TRAJ group comparisons were made with demographic and injury/clinical variables (see Table 1 ). Although there were some occasional trends in daily Bcl-2 levels based on sex, GCS, and mortality (data not shown), there were no differences by Bcl-2 TRAJ group membership with regard to these variables or injury severity score, hospital LOS, number of total complications, presence of neurologic complications, presence of sepsis, hypothermia treatment, and type of injury. Similarly, there were some occasional trends between daily CytoC levels and sex, GCS, age, and mortality (data not shown). However, CytoC TRAJ membership only showed trends between specific CytoC TRAJ groups and acute mortality, age, GCS, or SAH (Table 1) .
Bivariate analyses showed that higher GCS scores at the time of injury were associated with better outcomes (Pp0.043 all comparisons). There was no effect of sex on outcome. Having diffuse axonal injury was associated with better GOS-6 and GOS-12 scores (P = 0.032 and P = 0.009, respectively) and DRS-6 (P = 0.037). Acute care LOS was associated with outcome at 6 and 12 months with GOS (P < 0.006 all comparisons). In each case, the outcome groups that included mortality had shorter LOS than those who survived their injuries (GOS-6: GOS group 1 = 14.98±2.77; GOS groups 2 to 3 = 27.66 ± 2.33; GOS groups 4 to 5 = 23.94 ± 2.15 and GOS-12: GOS group 1 = 16.33 ± 2.96; GOS groups 2 to 3 = 31.67±3.95; GOS groups 4 to 5 = 23.17 ± 2.01). Table 2 shows that Bcl-2 and CytoC TRAJ groups were associated with 6 and 12 months outcome with GOS and DRS (P < 0.015 all comparisons) with bivariate analysis. The riser Bcl-2 group was associated with the best outcomes at 6 and 12 months for the GOS and DRS. Five of six subjects in this riser Bcl-2 group had a good outcome defined as a GOS score of 4 to 5 and a DRS score of 0 to 3 at 6 months. By 12 months after injury, all (100%) of subjects in the riser Bcl-2 TRAJ group had a GOS 4 to 5 score and a DRS 0 to 3 score. In Table 2 , subjects in the low CytoC group had the best GOS and DRS outcomes at 6 and 12 months. Those in the high CytoC TRAJ group had a 50% mortality rate at 6 months and a 67% mortality rate at 12 months based on GOS scores. Additionally, 100% of those in the high CytoC group were in the worst DRS group (15 to 30) by 12 months after injury. Table 3a shows the multivariate ordinal logistic regression for predictors of GOS score at 6 and 12 months. Age was inversely related with outcome for both GOS-6 (P = 0.025) and GOS-12 (P = 0.013) Figure 3 (A) Trajectory groups for profiles over time and percent membership for each trajectory group for cerebrospinal fluid (CSF) cytochrome C using ranked data. The group based trajectory analysis (TRAJ) procedure identified three groups for cytochrome C. (B) Mean daily CSF cytochrome C concentrations over time for three cytochrome C trajectory groups compared with healthy controls. There were significant differences between cytochrome C levels for each trajectory group on days 0 to 5 (P < 0.05 all comparisons).
Ordinal Logistic Regression Models
scores. For each decile, the odds of better outcome decreased by B37% for GOS-6 and B47% for GOS-12. Higher GCS was also significantly associated with better odds of good outcome (P = 0.008 and P = 0.029 for GOS-6 and GOS-12, respectively). Moreover, hospital LOS was associated with GOS-6 (P = 0.044) and trended toward significance for GOS-12 (P = 0.097). Patients in the low CytoC group had better GOS-12 scores when compared with the high and decliner CytoC groups combined (P = 0.023). For example, patients in the low CytoC TRAJ group were B5 times more likely to have better outcome at 12 months than patients in the combined high and decliner CytoC groups. The combined low and riser Bcl-2 groups were significantly associated with better GOS-6 and GOS-12 scores (P = 0.009 and P = 0.002, respectively) when compared with the high Bcl-2 group. In fact, patients in the low and riser Bcl-2 groups were B9 times more likely to have better outcome 12 months after injury. Injury type, based on CT data, did not influence GOS. Table 3b represents the multivariate ordinal logistic regression for predictors of DRS at 6 and 12 months. Similar to that observed with the GOS, older age was associated with worse outcome for both DRS-6 and DRS-12 scores (P = 0.032 and P = 0.05, respectively). Higher GCS scores were associated with better DRS-6 scores (P = 0.033), but they were not associated with DRS-12. Compared with the low CytoC group, the combined high and decliner groups had worse DRS-6 and DRS-12 scores (P = 0.026 and P = 0.025, respectively). Patients in the combined high and decliner CytoC groups were B4 times more likely to have bad outcome at 6 and 12 months as measured by DRS. Injury type did not influence DRS.
Using the likelihood ratio test, the 2*log-likelihood value increase for models with one and two CI, confidence interval; DRS, Disability Rating Scale; GCS, Glasgow Coma Scale; GOS, Glasgow Outcome Scale. a XXX denote that GCS is not included in the final model for DRS at 12 months.
biomarkers included for each outcome at each time point was highly significant (P < 0.001 all comparisons). These results indicate that the successive inclusion of each biomarker into the basic model significantly added to the predictive power of each model.
Discussion
CytoC release initiates apoptosis via the instrinsic caspase-dependent pathway, while the Bcl-2 protein modulates mitochondrial permeability transition pore formation through its ability to inhibit the pore forming function of the BH-3 domains of other proapoptotic Bcl-2 family proteins and at subsequent CytoC release. Other markers of apoptosis have been measured in human CSF and resected tissue after TBI (Cardali and Maugeri, 2006; Clark et al, 1999; Darwish and Amiridze, 2010; Fink et al, 2008; Lenzlinger et al, 2002; Uzan et al, 2006; Zhang et al, 2003) , and previous studies have established that CytoC and Bcl-2 are elevated in CSF after pediatric TBI (Clark et al, 2000; Satchell et al, 2005) . However, to our knowledge, this is the largest characterization of CSF CytoC and Bcl-2 levels in TBI, and it is the first study to assess temporal profiles for these markers. We show that Bcl-2 and CytoC profiles are effective predictors of GOS and DRS after severe TBI, with subjects who have sustained high levels of each biomarker having worse outcomes. Further, no clinical studies have attempted to characterize dynamic changes in the profiles for these biomarkers and their relationship to outcome. The results show that while sustained high levels of CytoC and Bcl-2 over time are associated with worse outcomes, there is a distinct riser group for Bcl-2 and a distinct decliner group for CytoC that each has unique associations with outcome. Bcl-2 modulates CytoC release in experimental studies, in part, by countering the pore forming effects of pro-apoptotic factors like Bcl-2-associated X protein (Antonsson et al, 1997) . So while it is likely that the overall concentrations of these CSF markers largely reflects cell death occurring after TBI, it is tempting to speculate that these profiles over time may also reflect the degree to which CNS cells can dynamically influence apoptosis via the initiation of intrinsic, caspase-dependent pathways. Based on our data, the riser Bcl-2 group and the decliner CytoC group are most suggestive of this case.
The results show that, as a whole, CSF Bcl-2 levels are fairly stable over time and are elevated above controls for days 1 to 4, while CSF CytoC levels peak on day 1 after injury and decline over time. This peak at day 1 after injury is consistent with experimental work estimating peak apoptosis occurs 24 to 72 hours after injury (Zhang et al, 2005) . Cerebrospinal fluid biomarker measurements reflect protein and other small molecule content CNS cells at the time of cell death. Thus, increased CSF levels for both Bcl-2 and CytoC after TBI are expected compared with healthy controls. From the overall temporal profile, however, unique TRAJ groups were developed for each biomarker. Also, the relative relationships of the TRAJ groups derived from ranked data followed very closely with the actual concentrations observed over time for each group. The low TRAJ groups for both Bcl-2 and CytoC had levels that were similar to healthy controls, while the high TRAJ groups for both biomarkers were consistently elevated compared with controls. The riser Bcl-2 group had levels that increased overtime, while decliner CytoC group had levels that decreased over time, suggesting some attempt by injured cells to counter the activation of cell death pathways (Clark et al, 1997a (Clark et al, , 2000 .
Changes in Bcl-2 described both within and across TRAJ groups could be attributable to transcriptional changes in response to cellular injury, as observed in other human studies evaluating resected tissue (Clark et al, 1999 (Clark et al, , 2000 and rodent models of TBI (Clark et al, 1997a) . The concept that CSF Bcl-2 levels represent both degree of cell death and regulation of pro-survival influences may be one reason why the riser Bcl-2 TRAJ group, whose levels at early time points are near controls and levels at later time points are similar to the high Bcl-2 group, has the best outcomes at both 6 and 12 months after TBI. Similarly, relative changes in Bcl-2 regulation over time may be an important factor contributing to the dynamic decrease in CytoC levels for the decliner group.
Bcl-2 and CytoC were evaluated together because of the relationship with each other that has been described. Other markers like Bcl-2-associated X protein, a pro-apoptotic member of the Bcl-2 family proteins involved in mitochondrial pore formation and CytoC release, and Bcl-2-associated death promoter, another pro-apoptotic member of the Bcl-2 family that inactivates Bcl-2 protein, would be interesting candidate markers to study. Genetic variation within the BCL-2 gene was recently associated with outcomes in severe TBI (Hoh et al, 2010) . However, the role that genetic variability has in modulating Bcl-2 levels and in mediating the apparent effects of Bcl-2 profiles on outcome is not yet known. The riser Bcl-2 group did not have any distinguishing clinical or demographic characteristics, except that they were all male. However, this group may have some genetic variant, perhaps in the untranslated promoter region, which facilitates Bcl-2 upregulation after TBI and leads to better outcomes.
Previous work evaluating CSF Bcl-2 levels in children with severe TBI has shown that higher Bcl-2 levels are associated with favorable outcomes (Clark et al, 2000) . In light of the results from this study, it is possible that CSF Bcl-2 levels in children with severe TBI primarily reflect the degree to which pro-survival proteins are activated rather than reflecting the amount of dying cells whose contents eventually emerge in CSF. However, the influence of Bcl-2 levels on pediatric outcomes other than survival remains to be studied. The pediatric TBI population may have important age-related differences in the degree of apoptosis, which has been shown to be greater in developing versus adult animals. Despite the fact that there are sex differences in Bcl-2 expression that enhance cell survival in experimental brain injury (Alkayed et al, 2001 ), Bcl-2 TRAJ group membership also was not significantly different based on sex.
While our work provides new insights into the possible role of Bcl-2 and CytoC in clinical TBI, the work also shows their utility as biomarkers for TBI prognosis. Both Bcl-2 and CytoC TRAJ group membership were important predictors of GOS and DRS scores. This work also adds to other recent reports suggesting the utility of group-based TRAJ analyses in modeling outcome (Berger et al, 2010; Salonia et al, 2010; Ozawa et al, 2009) . We compared average daily values for subjects across TRAJ groups and in relation to controls and found distinct differences in biomarker levels over time for each group. It is notable that the TRAJ algorithm was able to discriminate unique groups of patients whose biomarker levels change significantly over time, whose levels remain near control levels across the time course, and still others whose levels were persistently elevated. When taking both the bivariate and multivariate models into consideration, it was evident that each longitudinal profile carries relevant information about the evolution of the injury and relationship to outcome. Also, each biomarker added unique information to the predictive capacity of the multivariate models beyond what was provided with standard demographic and clinical/injury variables.
We also assessed single point estimates, like weekly mean and maximum, in relationship to outcome (data not shown) and TRAJ was superior in predicting outcome. Unlike TRAJ, this approach did not allow for the differentiation of relevant subgroups or the estimation of missing data. In order for clinical biomarker assays to be useful at the bedside, it is critical to evaluate these markers at early time points, in addition to time trends, to maximize management and treatments that could impact outcome. As such, future work will assess the ability of early biomarker levels to accurately predict TRAJ group membership (dynamic pattern recognition) for markers like Bcl-2 and CytoC that are known to discriminate outcome. Further work also will be required to determine the validity of these TRAJbased biomarker concentration differences across independent severe TBI populations and their generalizeability to other TBI populations.
Limitations
The findings here show the potential for Bcl-2 and CytoC to serve as prognostic biomarkers. However, some limitations should be considered. Although CSF Bcl-2 and CytoC levels appear promising as predictive biomarkers, the availability of CSF for biomarker analysis is not practical for many with severe injuries, and external ventricular drain placement is not routine in patients with mild to moderate injury. Previous reports show, though, that both serum CytoC and Bcl-2 have some utility as a biomarker in cancer care (Renz et al, 2001; Camlica et al, 2008; Kavathia et al, 2009) . Thus, future work may also include the viability of serum CytoC and Bcl-2 in outcome prediction across the range of injury severity for TBI. Other factors (e.g., sepsis and age) have been shown to influence CytoC levels (d 'Avila et al, 2008; Comim et al, 2008) .
From a technical perspective, it is not possible to know if/how the sensitivity of detection for each biomarker differentially changes over time from injury, which could impact the accuracy of any biomarker tested. The analysis assumes that CytoC and Bcl-2 elevations occur in CSF after TBI primarily due to cell death. However, we did not specifically assess this hypothesis by correlating these markers with objective measures of cell death in CNS tissue. Moreover, biomarker studies are observational and not derived from traditionally mechanistic in vitro studies or ex vivo assays using transgenic models or pharmacological manipulations. Yet, the information from the longitudinal riser and decliner groups does provide some insight, from a translational research perspective, about how Bcl-2 might be a biomarker that represents both cell death and the dynamic pro-survival modulatory influence present in CNS tissue during the first week postinjury. The small numbers of subjects in the riser Bcl-2 and the decliner CytoC groups precluded extensive analyses about specific characteristics of these subpopulations or about their unique relationship to outcome. As such, this work would benefit from replication in larger sample sets. CytoC also may have some capacity to modulate apoptosis. For example, cytosolic CytoC can act as a peroxidase and form a-synuclein-cytoC complexes that protect against apoptosis (Bayir et al, 2009) .
As both Bcl-2 and CytoC are intracellular molecules, their source in CSF after TBI is not clear. Apoptotic cells are often silently phagocytosed, so the contribution of apoptosis to overall biomarker levels is unclear. It is possible that CSF levels emerge primarily from intracellular contents derived from necrosed cells of a variety of cell types (e.g., glia and leukocytes) other than neurons. Importantly, human studies examining CSF levels of specific biomarkers of neuronal death such as neuron-specific enolase, and its relationship to Bcl-2 and CytoC should be conducted to substantiate the hypothesis that Bcl-2 and CytoC profiles reflect degree and mechanism of neuronal death.
Although Bcl-2 and CytoC are mitochondrial proteins, CSF levels for these markers per se are probably not informative with regard to degree of mitochondrial dysfunction in CNS tissue. However, CytoC and/or Bcl-2 may have some potential as informative markers of mitochondrial dysfunction if linked to markers of mitochondrial respiration and bioenergetics. Although beyond the technical feasibility of this initial study, linkage of Bcl-2 and CytoC to physiological parameters like intracranial pressure also may further define what these biomarkers mean in terms of TBI pathophysiology. Future work should also assess the prognostic potential of these markers in predicting functional and cognitive outcomes for TBI survivors.
Conclusions
Our work indicates that CSF Bcl-2 and CytoC levels are elevated in adults after severe TBI. The work also shows that sustained high levels of both Bcl-2 and CytoC are indicative of poor outcomes. Importantly, temporal profiles for Bcl-2 and CytoC, using groupbased TRAJ analysis, are effective predictors of outcome and disability after severe TBI. TRAJ groups with declining levels of CytoC and rising levels of Bcl-2 suggest that CSF levels of these biomarkers reflect dynamic regulation of mitochondrial mediated apoptotic pathways. Further work assessing other Bcl-2 family proteins and also how genetic variation influences these biomarker levels over time is warranted. Further work will be required to validate these findings in other populations and to determine their comparative utility to other putative prognostic biomarkers currently being studied in the field.
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